Aims/hypothesis. Proteinuria, reflecting increased glomerular permeability to macromolecules is a characteristic feature of diabetic nephropathy. Nephrin, a 1241-residue transmembrane protein is a key component of the podocyte slit pore membrane and a major contributor of the glomerular filtration barrier. We investigated the expression of nephrin in human kidney tissue from patients with diabetic nephropathy to elucidate its relationship with proteinuria and the effects of anti-proteinuric therapy with angiotensin converting enzyme inhibition. Methods. Renal biopsies were examined from 14 patients with Type II (non-insulin-dependent) diabetes mellitus and proteinuria who had been randomised to receive treatment with the ACE inhibitor, perindopril (4 mg/day) or placebo for the preceding 2 years. These specimens were compared with control human tissue sections, obtained from areas of normal renal cortex following nephrectomy for malignancy. Proteinuria was measured, specimens were examined histologically for injury and the expression of nephrin messenger RNA was assessed by quantitative in situ hybridisation.
erable advances have been made in understanding the mechanisms that lead to glomerulosclerosis [2, 3, 4] , the pathogenesis of proteinuria is less well understood. Recently, the identification of mutations in the gene coding for the podocyte protein nephrin as the cause of the Finnish type of congenital nephrotic syndrome (NPHS1) [5] , has provided substantial insight into the determinants of glomerular permeability. In addition to its established role in congenital nephrosis, animal studies have also implicated reduction in nephrin expression in acquired proteinuric renal diseases [6, 7] . We hypothesised that modulation in nephrin expresDiabetic nephropathy, like many renal diseases, is characterized by the early development of proteinuria followed by a later decline in glomerular filtration in association with glomerulosclerosis [1] . While consid-sion can contribute to the pathogenesis of proteinuria in human diabetic nephropathy and the beneficial effects of ACE inhibition in reducing urinary protein excretion in this disorder [8] . To investigate this possibility we examined nephrin expression in patients who participated in the Diabiopsies trial, a prospective, biopsy-based study, examining the effects of the ACE inhibitor, perindopril, in patients with Type II (non-insulin-dependent) diabetes mellitus and nephropathy [9] .
Subjects and methods
Renal tissue was obtained from biopsy specimens stored as part of the Diabiopsies study, the structural and functional aspects of which have been reported [9] . Biopsy tissue from 14 (7 perindopril, 7 placebo) of the 19 study patients examined at the end of the study (24 months) was available for analysis of gene expression. All patients gave their informed written consent. The study protocol was approved by the ethics committee (Comité Consulatif de Protection des Personnes dans la Recherche Biologique et Médicale) of Grenoble University Hospital. Control human tissue sections (n=6) were obtained from normal renal cortex harvested from kidneys removed for renal malignancy. Tissue for analysis was sampled from the pole opposite the tumour. Glomerulosclerosis was assessed by examining all glomeruli in each biopsy section and grading them according to the severity of injury on a scale of 0 to 4, as described [10] . Renal tissue obtained at the beginning of the study was not suitable for analysis of gene expression.
Quantitative in situ hybridization which permits the assessment of gene expression equivalent to northern blot analysis [11] , was used to determine the magnitude of gene expression, as previously described for the analysis of gene expression in the kidney [12] . In brief, a 293 base pair cDNA coding for human nephrin was cloned into pGEM-T (Promega, Madison, Wis., USA), linearized with Not I and an antisense riboprobe was produced using T7 RNA polymerase. All tissue sections were processed in an identical manner and were hybridized in the same batch. Glomerular gene expression was assessed in emulsion-coated sections using computer-assisted image analysis (Analytical Imaging Station, Imaging Research, St. Catherine's, Ontario, Canada) to quantify autoradiographic grains [13, 14, 15] . Light microscopic images viewed through a 20× objective lens were captured and digitized using a Fujix HC-2000 digital camera (Fuji, Tokyo, Japan). Glomerular gene expression was then assessed by counting the number of autoradiographic grains in each glomerulus (average of five in each biopsy slide, mean 2-7) corrected for glomerular area (grains/µm 2 ). The magnitude of glomerular nephrin expression for each biopsy was then calculated by averaging the results obtained for all glomeruli within a single patient biopsy.
Because of a positively skewed distribution nephrin mRNA and proteinuria data were logarithmically transformed before statistical analysis. Data were analysed by ANOVA with correction for multiple comparisons using the Fisher's Least Significant Difference test. Linear regression analysis was used to determine the correlation between the magnitude of nephrin gene expression and proteinuria. Analyses were done using the Statview SE+ Graphics package (Abacus Concepts, Calabasas, Calif., USA). A p value of less than 0.05 was considered statistically significant.
Results
As with the Diabiopsies study cohort, the subgroup from which the biopsies were available also showed no differences in blood pressure control, serum creatinine, creatinine clearance or glycated haemoglobin between perindopril and placebo treated groups either at baseline or over the period of the study (Table 1) . Urinary protein excretion increased in the placebo group and decreased in the perindopril group over the trial period (p=0.036). When compared with glomeruli from non-diabetic subjects, patients with diabetes had more extensive glomerulosclerosis. However, as previously reported for the entire study group, no difference between the perindopril treated group and the placebo group in the substudy (glomerulosclerosis index: 2.6±0.2 vs 2.7±0.2, placebo vs perindopril).
Emulsion-dipped biopsy sections of control tissue showed intense nephrin gene expression within the glomerulus (Fig. 1) . Compared with control subjects, glomeruli from placebo-treated patients with diabetic nephropathy, showed a reduction in nephrin mRNA ( Fig. 1, 2; p=0.0003 ). In contrast, nephrin gene expression in glomeruli from perindopril treated patients was similar to that from the non-diabetic control group ( Fig. 1, 2; p=0.003). In both placebo and perindopril treated patients, a close inverse correlation was noted between the magnitude of nephrin gene expression and the degree of proteinuria (Fig. 3) .
Discussion
The development of proteinuria is both a cardinal manifestation of glomerular injury and a pathogenetic factor in the progression of renal dysfunction [16] . Since the cloning of nephrin 3 years ago [5] , and the demonstration of its crucial role in the development and function of the glomerular filtration barrier [17] , investigation into its potential role in the pathogenesis of acquired proteinuric diseases has been the subject of intensive research [15, 18, 19] . Our study shows several findings in relation to nephrin in diabetic nephropathy. Firstly, nephrin expression was reduced in glomeruli from patients with diabetic nephropathy. Secondly, renoprotective therapy with ACE inhibition, not only reduced urinary protein excretion but was also associated with increased nephrin expression when compared with placebo-treated patients. Thirdly, a close correlation between the magnitude of nephrin gene expression and the degree of proteinuria was observed in both placebo and in perindopril-treated diabetic patients.
The renoprotective and anti-proteinuric effects of agents that block the renin-angiotensin system are well established. Indeed, the anti-proteinuric effects of ACE inhibitors and angiotensin receptor blockers are viewed as an important factor in their renoprotective effects in both diabetic and non-diabetic kidney disease [16, 20, 21, 22, 23] . However, the mechanisms underlying the anti-proteinuric effects of blockade of the RAS are not understood completely. Angiotensin II has long been known to regulate glomerular function by modulation of arteriolar tone and ultrafiltration co-efficient K f [24, 25] with cognate receptors present on vascular smooth muscle, mesangial and capillary endothelial cells [26] . Recently, functioning receptors for angiotensin II have also been identified in the podocyte, both in culture [27] , and in freshly isolated intact glomeruli [28] .
In addition to reducing proteinuria, we also found that ACE inhibitor treatment, was associated with nephrin expression of similar magnitude to that in non-diabetic control subjects. Previous studies [29] , based on work in animal experiments and theoretical modelling, have suggested that ACE inhibition attenuates urinary protein excretion by reducing the radius of hypothetical membrane pores. Our results are consistent with these findings and the role of nephrin in pore structure [17] , providing a molecular component to our understanding of the pathophysiological processes that underlie the development of proteinuria in diabetic nephropathy and the anti-proteinuric effects of ACE inhibition. Although our results suggest that modulation in nephrin expression is an important determinant of proteinuria, other mechanisms are also likely to contribute. These include changes in glomerular basement membrane composition [30] , hemodynamic factors [25] and even the absorptive functions of the proximal tubule [31] .
Since nephrin is a podocyte specific protein, it is possible that reduction in its expression reflects podocyte loss in diabetes. Podocyte loss could be common to a range of renal diseases, implicated in both the pathogenesis of progressive glomerular injury and in the development of proteinuria [32] . Although podocyte loss is feature of diabetes, it occurs very early in the disease and thereafter remains relatively constant [33] . Thus, the early podocyte loss in diabetes and the inability of this highly differentiated cell to replicate [34] , suggest the increased nephrin expression in perindopril-treated patients cannot be explained by an ACE inhibitor-induced increase in podocyte number.
In summary, the reduction in nephrin expression could be a determinant of glomerular hyperpermeability in diabetic nephropathy and attenuation of these changes with ACE inhibition could contribute to the anti-proteinuric effects of this class of drug. 
